ABSTRACT. Three IgG class anti-bovine CXCL8 (bCXCL8) monoclonal antibody (mAb)-secreting hybridomas, SH8-8D7, SH8-12A5 and SH8-2A1, were developed. SH8-8D7 was IgG2a, and SH8-12A5 and SH8-2A1 were IgG1. All three mAbs detected recombinant bCXCL8 (rbCXCL8) by immunoprecipitation and Western blotting. SH8-2A1 could neutralise the chemotactic activity of rbCXCL8 towards neutrophils. The quantitative bCXCL8 ELISA was constituted by the combination of SH8-12A5 and biotin-SH8-2A1. The detection range was 20-1000 pg/mL. A sandwich ELISA was used to measure native bCXCL8 derived from the supernatant of cultured bovine peripheral blood mononuclear cells stimulated with ConA, LPS or PHA. Furthermore, SH8-2A1 could detect bCXCL8 in formalin-fixed, paraffin-embedded, pneumonic calf tissues. These findings indicate that the newly developed antibCXCL8 mAbs could contribute to research on bovine inflammatory responses and immunology.
CXCL8 was originally reported as a neutrophil chemotactic cytokine [1] . CXCL8 also has a wide range of activities towards neutrophils, T cells [2] , B cells [3] and basophils [4] . CXCL8 is secreted by various types of cells, including T cells, neutrophils, endothelial cells, fibroblasts and epithelial cells, as a result of contact with pro-inflammatory cytokines, viruses, bacteria or bacterial products [4] . In fact, CXCL8 is frequently observed in tissues infected with viruses or bacteria [4] . On the other hand, CXCL8 also plays important roles in diseases, such as re-perfusion injury, glomerulonephritis and rheumatoid arthritis [4] . CXCL8 has been observed in several species of mammals, including human, monkey, rabbit, pig, dog, sheep, cattle, horse and rat. Bovine CXCL8 (bCXCL8) was first isolated and characterised by Hassfurther in 1994 [5] . CXCL8 is secreted in body fluids of cattle suffering from bovine pneumonic pasteurellosis [6] , mastitis [7] [8] [9] and of those infected with Fasciola gigantica [10] . CXCL8 concentrations in body fluids correlate with disease severity [11] [12] [13] . A convenient quantitative system for CXCL8 needs to be developed in order to diagnose diseases and analyse the role of CXCL8 in the immune system. Monoclonal antibodies (mAbs) are applied in various fields, such as immunology, biology and medicine, because they exhibit highly specific reactivities. In the present study, we developed three anti-bCXCL8 mAbs and used them for a quantitative bCXCL8 sandwich ELISA as well as immunohistochemical staining of bCXCL8 in tissue sections.
METHODS AND MATERIALS

Recombinant bovine CXCL8
Recombinant bovine CXCL8 (rbCXCL8) was produced in a Brevibacillus choshinensis expression system [14] . Crude rbCXCL8 was purified using ultrafiltration membranes (MW 100,000 and 3,000) and ion exchange chromatography (Tosoh, Tokyo, Japan). According to SDS-page analysis, the molecular weight of rbCXCL8 was 10 kDa. The purity of 10 kDa rbCXCL8 was approximately 84%. The rbCXCL8 showed chemotactic ability in the chemotaxis assay performed using bovine peripheral neutrophils. The rbCXCL8 was used as an antigen for mAb development and characterisation, and as a standard sample for sandwich ELISA.
Development of anti-bovine CXCL8 monoclonal antibodies
Anti-bCXCL8 mAbs were developed according to a method published in a previous report [15] with minor modification. Briefly, nine-week-old female BALB/c mice were immunised three to four times intraperitoneally with 20 g of purified rbCXCL8 mixed with aluminium hydroxide gel. The mice were anaesthetised and exsanguinated three days after the final immunisation. Spleen cells were fused with P3-X63-Ag8-U1 myeloma cells using 50% polyethylene glycol (Hampton Research, California, USA). Fused cells were dispersed in HAT selection medium and incubated for 7-10 days in a CO 2 incubator. Hybridomas reacting to bCXCL8 were screened by indirect ELISA using rbCXCL8 as the antigen. After selecting positive cells, hybridomas were cloned by limiting dilution. Finally, three hybridoma cell lines that produced IgG class mAbs were established. Immunoglobulin isotypes of mAbs were identified using mouse mAb isotyping kit (Roche, Mannheim, Germany). To obtain sufficient amounts of each mAb, hybridoma cells were inoculated intraperitoneally into the BALB/c mice or cultured in serum-free medium. Anti-bCXCL8 mAbs from ascitic fluids were purified by ammonium sulphate precipitation and DEAE ion exchange chromatography, and anti-CXCL8 mAb from serum-free medium was purified by ammonium sulphate precipitation. Purified mAbs were labelled with horseradish peroxidase (HRP) or biotin using commercially available conjugation kits (Dojin Laboratories, Kumamoto, Japan).
Immunoprecipitation
Anti-CXCL8 mAbs were immobilised using an immunoprecipitation kit (Pierce, Illinois, USA) following the manufacturer's instructions. Following the reaction of immobilised mAbs with purified rbCXCL8, the mAb bound proteins were analysed by SDS-PAGE. The SDS-PAGE gels were stained with CBB R-250.
Western blot analysis
The rbCXCL8 was electrophoresed on a 4-12% Bis-Tris gradient gel (Invitrogen, California, USA), followed by electroblotting onto a polyvinylidene difluoride membrane using a gel transfer system (Invitrogen). The membrane was blocked using non-fat milk in TBS for overnight at 4 • C. The membrane was cut into strips, and each strip was immersed in diluted mAb at room temperature for 1 h with occasional agitation. After incubation, each strip was washed with TBS containing 0.02% Tween 20 (TBST) and incubated with HRP-conjugated anti-mouse IgGAM (Zymed Laboratories, San Francisco, USA). After washing with TBST, the strips were immersed in 3,3'-diaminobenzidine tetrahydrochloride solution (Sigma, St. Louis, USA).
Monoclonal antibody cross-reactivity with human CXCL8
Anti-bCXCL8 mAbs were tested for their cross-reactivity against recombinant human CXCL8 (rhCXCL8) by indirect ELISA. A 96-well ELISA plate (Nunc, Roskilde, Denmark) was coated with 100 ng/well of rhCXCL8 72 amino acid (PeproTech, New Jersey, USA) or rbCXCL8 diluted in carbonate-bicarbonate buffer (50 mM, pH 9.6), and the plate was incubated for 1 h at 37 • C. The plate was then washed three times with 350 L of PBS containing 0.02% Tween20 (PBST). At each step, incubation was performed for 1 h at 37 • C and washing was performed three times using 350 L of PBST. The plate was blocked with 20% Block Ace (Dainihon Seiyaku, Osaka, Japan) in PBST, and 100 L of diluted HRP-labelled mAb in PBST containing 2% Block Ace (PBST-BA) was added to each well. The plate was then filled with 100 L of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) solution in sodium citrate-buffered saline (50 mM, pH 4.0). After 1 h of incubation at 37 • C, the absorbance values of each well were measured at 405 nm.
Preparation of bovine peripheral blood neutrophils
Bovine peripheral blood neutrophils were separated from citrated blood. The citrated blood was mixed with 0.83% ammonium chloride and 0.02% EDTA in distilled water. The haemolysed blood was centrifuged at 190 × g for 10 min and re-suspended in PBS containing 5% GIT (Nihon Pharmaceutical, Tokyo, Japan). The suspension of blood cells was then overlayed on 60% Percoll (GE Healthcare UK Ltd., Little Chalfont, England) and centrifuged at 2,300 ×g for 20 min. The sediment containing the neutrophils was washed with RPMI1640 medium containing 5% GIT (GIT-RPMI1640), centrifuged twice at 190 × g for 10min and re-suspended in GIT-RPMI1640. The purity of the neutrophils was above 90%. The isolated neutrophils appeared morphologically intact under the light microscope.
Recombinant bovine CXCL8 neutralising assay
The neutralising abilities of mAbs were determined by the chemotaxis assay. Briefly, purified mAbs were diluted to 10, 1 and 0.1 g/mL in GIT-RPMI 1640. Identical volumes of 40 ng/mL of rbCXCL8 in GIT-RPMI 1640 and diluted mAbs were mixed and maintained for 1 h at 37 • C. As a control mAb, 8A3B.6 (anti-VP7 for bluetongue virus; ATCC), not related to CXCL8, was used. Microtitre plates (96-well) were filled with the mixed solution and transwell inserts of 3 m pore size (Kurabo, Tokyo, Japan) were applied. Immediately, 2 × 10 6 cells/mL of the bovine peripheral neutrophils in GIT-RPMI 1640 were poured into the transwell inserts. The plates were incubated for 1 h in the CO 2 incubator, and the transwell inserts were removed from the plates. Subsequently, to count the penetrated neutrophils, 10 l of AlamarBlue solution (TREK Diagnostic Systems, West Sussex, England) were added to each well and incubated overnight in the CO 2 incubator, then the fluorescence of the wells in the plates was determined. Serial dilutions of the bovine peripheral neutrophils were used to plot a standard curve for the cell count. The number of cells in each well was calculated using the standard curve.
Selection of monoclonal antibody combinations for quantitative bovine CXCL8 sandwich ELISA
Nine combinations of mAbs for the sandwich ELISA were tested using the chequerboard ELISA assay; 10 g/mL of each mAb in carbonate-bicarbonate buffer (50 mM, pH 9.6) was dispensed into the 96-well ELISA plate (Nunc), and the plate incubated for 1 h at 37 • C. The plate was then washed three times with 350 L of PBST. At each step, incubation was performed for 1 h at 37 • C and washing was performed three times using 350 L of PBST. The plate was blocked with 20% Block Ace in PBST, and 100 L of 100 ng/mL rbCXCL8 in PBST-BA was added to each well. This was followed by the addition of 100 L of 10 g/mL HRP-labelled mAbs in PBST-BA to each well. The plate was washed and filled with 100 L of ABTS solution in sodium citrate-buffered saline (50 mM, pH 4.0). After 1 h of incubation at 37 • C, the absorbance values of each well were measured at 405 nm.
Quantitative bovine CXCL8 sandwich ELISA
The 96-well ELISA plate (Nunc) was coated with 100 L/well of purified SH8-12A5 diluted to 5 g/mL in carbonate-bicarbonate buffer (50 mM, pH 9.6), incubated for 1 h at 37 • C and washed three times with 350 L of PBST. At each step, incubation was performed for 1 h at 37 • C and washing was performed three times using 350 L of PBST. The plate was blocked with 20% Block Ace in PBST, followed by the addition of 100 L of serial diluted purified rbCXCL8 in PBST-BA (10-1,000 pg/mL) and serial diluted samples, to each well. The plate was filled with 100 L of biotinlabelled SH8-2A1 in PBST-BA followed by the addition of 100 L of HRP conjugated streptavidin (Jackson ImmunoResearch Laboratories, Pennsylvania, USA), diluted 8000 times in PBST. After five more washes, each well was filled with 100 g/mL of 3,3',5,5'-tetramethylbenzidine solution (Sigma). After 1 h of incubation at 37 • C, 50 L of 2M H 2 SO 4 were added to each well, and the absorbance values of each well were measured at 450 and 620 nm.
Cross-reactivity of the quantitative bovine CXCL8 sandwich ELISA
Cross-reactivity of the quantitative bCXCL8 sandwich ELISA was tested against rhCXCL8 and bovine recombinant IL-1␤, IL-6, IL-21, GM-CSF, M-CSF, TNF-␣, TNF-␥ and IFN-. Each recombinant protein was tested using the sandwich ELISA developed, at a concentration of 1 ng/mL.
Native bovine CXCL8 preparation
Bovine peripheral blood mononuclear cells (PBMC) were separated from the citrated blood using Lymphoprep (AxisShield PoC AS, Oslo, Norway). Separated PBMC were washed twice in PBS, re-suspended in GIT-RPMI 1640 and diluted at a concentration of 2 × 10 6 cells/mL. The PBMC were stimulated with three types of mitogens, including 10 g/mL of LPS (Difco Laboratories, Sparks, Michigan, USA), 5 g/mL of Con-A (Boehringer Mannheim Biochemica, Mannheim ,Germany), and 10 g/mL of PHA-P (Difco), and then incubated in the CO 2 incubator. The supernatants were harvested after 24 and 48 h. Finally, the culture supernatant was separated by centrifugation and maintained at -20 • C until use.
Recovery of recombinant bovine CXCL8 from whey
The rbCXCL8 was mixed with the whey obtained using milk collected from 12 clinically healthy cows, and detected by the quantitative bCXCL8 sandwich ELISA. The average somatic cell count of the milk collected was 58,000 cells/mL, and the standard deviation was ± 48,000 cells/mL. The milk was centrifuged twice at 1,500 × g for 20 min at 4 • C to remove milk fat, and subsequently centrifuged twice at 39,000 × g for 30 min at 4 • C. After separating the supernatant, the whey was frozen at -20 • C until use. A 200 pg/mL solution of rbCXCL8 was prepared using 50, 25, 12.5, 6.3 and 0% whey in PBS. These samples were measured using the sandwich ELISA, and the recovery rate was calculated using the following formula: recovery rate (%) = (observed CXCL8 − base CXCL8) × 100/added CXCL8.
Immunohistochemistry
Formalin-fixed, paraffin-embedded pneumonic calf tissues were immunostained with the developed mAbs using a polymer method kit (Nichirei, Tokyo, Japan). In addition, anti-bluetongue virus VP7 mAb 8A3B.6 (ATCC) was used as the control. The pneumonic tissues were collected from calves experimentally infected with Mannheimia haemolytica.
Animal welfare
All experiments using live animals were approved by the Ethics Committee of the National Institute of Animal Health in Japan.
RESULTS
Characterisation of anti-bovine CXCL8 monoclonal antibodies
Three hybridomas (SH8-8D7, SH8-12A5 and SH8-2A1) secreting anti-rbCXCL8 mAb were obtained. The immunoglobulin class of SH8-8D7 was IgG2a, that of SH8-12A5, and SH8-2A1 was IgG1. All three mAbs had immunoprecipitated 10kD protein, which is a major component of rbCXCL8 ( figure 1A) . Western blot analysis indicated that all mAbs had reacted with rbCXCL8 ( figure 1B) . All mAbs reacted with rhCXCL8 in indirect ELISA, but total optical density (OD) values of mAbs were 50-70% lower than those of rbCXCL8 determined by indirect ELISA (table 1). More than 1 g/mL of SH8-2A1 could neutralise the chemotactic activity of 40 ng/mL of rbCXCL8, but the other two hybridomas did not show any neutralising activity against rbCXCL8 (figure 2).
Quantitative bovine CXCL8 sandwich ELISA
The chequerboard sandwich ELISA assay demonstrated that four combinations of capture (c)/detector (d) -c: SH8-12A5/d: SH8-2A1; c: SH8-12A5/d: SH8-8D7; c: SH8-8D7/d: SH8-12A5 and c: SH8-2A1/d: SH8-12A5 -could detect rbCXCL8. The combination of c: SH8-12A5 and d: biotin-SH8-2A1 was the most sensitive for bCXCL8 detection. The standard curve for the bCXCL8 sandwich ELISA is shown in figure 3 . T2 Cross-reactivity of the quantitative bovine CXCL8 sandwich ELISA Bovine recombinant IL-1␤, IL-6, IL-21, GM-CSF, M-CSF, TNF-␣, TNF-␥ and IFN-were not detected in the sandwich ELISA developed (table 2) . Recombinant human CXCL8 (1,000 pg/mL) was weakly detected in the sandwich ELISA, but the OD value was below the detection range.
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Recovery of recombinant bovine CXCL8 from whey
CXCL8 levels of whey samples tested were below detectable levels, apart from one sample. The recovery rate of rbCXCL8 decreased in the presence of a high concentration of whey; a 38.5% decrease was observed for 50% whey, 18.1% decrease for 25% whey, 10.3% decrease for 12.5% whey and 1.3% decrease for 6.3% whey.
Detection of native bovine CXCL8 by the sandwich ELISA
The SH8-12A5/biotin-SH8-2A1 sandwich ELISA system detected native bCXCL8 derived from bovine PBMC. The mean ± SD for detected native bCXCL8 was 25.4 ± 6.6 ng/mL in the LPS-stimulated supernatant, 43.8 ± 15.7 ng/mL in the ConA-stimulated supernatant, 29.9 ± 9.6 ng/mL in the PHA-stimulated supernatant, and 1.2 ± 1.5 ng/mL in control medium after 24 h of incubation. The mean ± SD for native bCXCL8 detected was 41.6 ± 17.8 ng/mL in the LPS-stimulated supernatant, 69.9 ± 12.5 ng/mL in the ConA-stimulated supernatant, 59.2 ± 32.7 ng/mL in the PHA-stimulated supernatant, and 3.9 ± 6.0 ng/mL in the control medium after 48 h of incubation (figure 4).
Immunohistochemistry
In the immunohistochemical staining of formalin-fixed, paraffin-embedded pneumonic calf tissues, SH8-2A1 reacted with the neutrophils near necrotic regions ( figure 5A, C) . On the other hand, no reaction was observed in pneumonic tissues immunostained with SH8-8D7, SH8-12A5 or control mAb ( figure 5B, D) . In addition, SH8-2A1 did not react to tissue components in normal lung tissues (data not shown).
DISCUSSION
CXCL8 is secreted in body fluids of mammals suffering from various infections and diseases [16] [17] [18] [19] [20] , and CXCL8 concentrations in human body fluids frequently correlate with disease severity [11] [12] [13] . Measurement of CXCL8 concentrations in body fluids is important to observe the progress of various types of diseases or infections. CXCL8 can be quantified to determine its chemotactic effect [21] , release of intracellular enzymes [22] , and production of reactive oxygen [23] . However, these assays require considerable time, and are comparatively complex. In contrast, the measurement of CXCL8 concentrations by quantitative sandwich ELISA is easier than the abovementioned assays. In addition, ELISA can rapidly detect CXCL8, and needs only small amounts of samples and a short detection time. Sandwich ELISA using mAbs is a more convenient, sensitive and specific technique that provides reliable results. We developed three mAbs that reacted with bCXCL8. Homologous mAb combinations could not sandwich rbCXCL8, and therefore, each epitope is thought to be single. The combination of capture antibody SH8-12A5 and detector antibody SH8-2A1 was most sensitive for rbCXCL8 detection. The 20 pg/mL mean OD value was higher than the 0 pg/mL mean OD value plus three standard divisions at 0 pg/mL. Thus, as per this calculation, the detection range of the sandwich ELISA developed was 20-1,000 pg/mL (figure 3). The sandwich ELISA could detect native bCXCL8 derived from the mitogen-activated bovine PBMC culture supernatant. The sandwich ELISA did not cross-react with bovine IL-1␤, bIL-6, bIL-21, bGM-CSF, bM-CSF, bTNF-␣, bTNF-␥ or bIFN-, and thus, the specificity of this sandwich ELISA to bCXCL8 was thought to be high. Moreover, SH8-12A5 had selectively immunoprecipitated bCXCL8 from LPS-stimulated PBMC supernatant (data not shown). From these results, the sandwich ELISA developed was shown to be suitable for bCXCL8 detection in several specimens of bovine origin, because the technique was not influenced by other cytokines. 
Figure 4
Detection of bCXCL8 in cell culture supernatant. "xx_24h" or "xx_48h" means incubation hour. Data represent mean ± SD (n=5).
Mastitis is an economically important disease affecting dairy cattle. CXCL8 is detected in the milk of cows suffering from mastitis caused by Streptococcus uberis [24] , Pseudomonas aeruginosa [25] , Staphylococcus aureus or Escherichia coli [7, 9] . Furthermore, it is reported that rbCXCL8, injected into the mammary glands, is effective in improving the symptoms of mastitis [26] . These findings suggest that CXCL8 is an important cytokine present in cows with mastitis. Certain components of the sample solution (e.g. anti-CXCL8 auto-antibodies in serum [28] ), may influence the accuracy of the ELISA used for measuring CXCL8 [27] . Thus, it is important to determine the influence of sample components while developing sandwich ELISA. We determined the recovery rate of rbCXCL8 in the presence of whey to estimate the influence of whey on bCXCL8 detection. The presence of whey influenced the recovery rate, especially at 50% concentration. Some components of whey are thought to influence the mAb binding ability of bCXCL8. However, the influence of whey at 25% concentration was limited to a 20% reduction in the recovery rate, and moreover, 6.25% whey did not influence the recovery rate at all. Thus, the bCXCL8 sandwich ELISA developed can be used to measure bCXCL8 in milk.
In a preliminary experiment, we tried to measure recombinant and native bCXCL8 using a commercially available human CXCL8-measuring kit. However, no rbCXCL8 was detected, and the native bCXCL8 concentration determined using the kit was one twentieth of that determined by the bCXCL8 sandwich ELISA developed (data not shown). On the other hand, in this study, although both capture and detector mAbs reacted with rhCXCL8 in an indirect ELISA (table 1) , the concentration of 1,000 pg/mL of rhCXCL8 was estimated to be less than 20 pg/mL using bCXCL8 sandwich ELISA. The reason for this is believed to depend on mAb affinity. On comparing amino acid sequences of hCXCL8 with bCXCL8, it was found that one of the CXCL8 receptor-binding regions and some regions of amino acids are different. These differences affected mAb affinity towards bCXCL8 and hCXCL8. In fact, this difference in affinity was observed in the ELISA; OD values in the hCXCL8 ELISA were lower than those in the bCXCL8 ELISA (table 1) . As a result of the combination of these two mAbs, sensitivity to hCXCL8 decreased. The difference in sensitivity between hCXCL8 and bCXCL8 observed in the assay performed using the hCXCL8 quantitative ELISA kit, is believed to occur for the same reason. One should be wary however, while measuring CXCL8 using techniques based on antibody cross-reactions between different species, especially in the case of a sandwich ELISA.
Immunohistochemistry is a useful technique for analysing pathological and pathophysiological features of diseases. Some studies have reported on the immunohistochemical analysis of inflammatory cytokines, including CXCL8, in pulmonary diseases [29] , skin diseases [30] and corneal diseases [31] . For such purposes, highly specific antibodies for each cytokine are required, particularly those that can be used for formalin-fixed, paraffin-embedded tissues. One of the developed mAbs SH8-2A1 could detect bCXCL8 in the necrotic regions of pneumonic tissues ( figure 5 ).
In addition, SH8-2A1 was used to visualise bCXCL8 in formalin-fixed, paraffin-embedded tissues. This mAb could help in the pathological and pathophysiological analyses of many bovine diseases.
In conclusion, a quantitative sandwich ELISA for bCXCL8 was established using newly developed mAbs; one of these mAb was also useful for immunohistochemistry. These mAbs could help reveal the role of bCXCL8 in several infections and diseases, and in bovine immunity.
